Abstract: Supraglottal jet variability was investigated in a scaled-up flow facility incorporating driven vocal fold models with and without wall rotation. Principle component analysis was performed on the experimental supraglottal flow fields to ascertain the roll of glottal wall motion on the development of the supraglottal jet. It is shown that intraglottal flow asymmetries that develop due to wall rotation are not the primary mechanism for generating large-scale cycle-to-cycle deflection of the supraglottal jet. However, wall rotation does decrease the energy content of the first mode, redistributing it to the higher modes through an increase in unstructured flow variability.
Introduction
During voiced speech, the temporally varying glottal orifice produces a pulsatile jet, propelled by the transglottal pressure difference. The resultant fluctuating flow rate forms the most basic source from which speech is produced. 1 Additional sound sources have also been shown to arise due to interactions between the jet and supraglottal structures. [2] [3] [4] [5] [6] [7] The importance of the supraglottal jet on sound production has inspired numerous efforts aimed at quantifying the supraglottal jet behavior and, more importantly, understanding the mechanisms that generate the observed phenomena. These pursuits have included investigation of the supraglottal jet in in-vivo, [8] [9] [10] [11] computational, [5] [6] [7] 12 excised canine larynges, 13, 14 and physical models. [15] [16] [17] [18] [19] [20] [21] [22] [23] In virtually every investigation of the supraglottal jet, an inherent unsteadiness has been observed, characterized by large excursions of the jet core from the symmetry line throughout the phonatory cycle. This behavior has been attributed to both the formation of the Coanda effect within the glottis, and a shear-layer instability that develops in the supraglottal jet, which causes large-scale skewing of the jet trajectory. More recent work has also highlighted the importance of vortex formations, due to both flow separation and shear-layer instabilities, on supraglottal jet variability. 14, 24 The objective of this investigation is to quantitatively assess the role of the rotational component of the mucosal wave on the supraglottal jet flow behavior. Modification of the energy content in the supraglottal jet due to viscous flow effects that are formed in the divergent glottal channel is investigated. Movement of the flow separation points within the glottis generate unsteadiness in the glottal jet trajectory, which is expected to propagate downstream, thereby influencing the behavior of the supraglottal jet. This research is applicable to clinical investigations of normal voiced speech, when a pronounced mucosal wave is most likely to be present. 25 The results will also ascertain the importance of incorporating wall rotation in physical vocal fold model investigations.
will be referred to as "scaled" throughout the manuscript. The details of the facility have been previously reported, 22, 26 and hence, only a brief description is provided. Driven, physical vocal fold models, fabricated according to the two-dimensional M5 specifications 15 were utilized for all investigations. Each vocal fold was driven by two independent programmable stepper-motor/driver combinations (Oriental Motor-NEMA 34, 300 oz-in/Velmex NF90). One motor/driver combination prescribed the linear (medial-lateral) displacement, while the other controlled the angular rotation of the medial vocal fold wall. By driving both motions in tandem, a first-order approximation of the mucosal wave was generated, whereby the glottal geometry of each phonatory cycle followed the same progression of closed, convergent, uniform, divergent, and closed. This description of the vocal fold wall motion captures the predominant behavior of the mucosal wave, although it neglects motion in the anterior-posterior direction due to the two-dimensional approximation of the geometry and motion.
Two vocal fold motions were prescribed for the investigations. The first (normal) mimicked normal vocal fold motion. The second (non-rotating) was characterized by medial-lateral displacement with no angular wall rotation. A schematic of a model vocal fold, the coordinate system, and a description of the motion parameters for one vocal fold is presented in Fig. 1 The flow properties were scaled with life-size values for Reynolds and Strouhal numbers. The mean life-size flow rate was maintained constant at Q mean ¼ 178.1 ml/s for the normal and non-rotating motion. Based on the mean flow rate, maximum glottal opening, d, and glottal length, l, the Reynolds and Strouhal numbers were Re ¼ 942, and St ¼ 0.0002, respectively.
Methods

Particle image velocimetry
Phase-locked particle image velocimetry (PIV) data of the supraglottal flow field were acquired at four instances along the anterior-posterior midlines, during the closing phases of the glottal cycle for the normal and non-rotating vocal fold motions. Images were recorded on a TSI powerview 4MP camera with a 2000 Â 2000 pixel charge-coupled device (CCD) array, imaged over a scaled area of $3.0 cm Â 3.0 cm. Three hundred image pairs were captured at scaled times of t ¼ 214.3, 257.1, 300.0, and 342.8 ms, for both normal and non-rotating vocal fold motions. These time instants correspond to t/T open ¼ 0.50, 0.60, 0.70, and 0.80.
Principle component analysis
Early applications of principle component analysis (PCA) to fluid mechanics were demonstrated by Lumley, 27 and provide a spatio-temporal analysis of coherent structures in the flow by extracting a complete set of spatial eigenfunctions or "modes." The spatial and temporal structures have been referred to as "topos," and "chronos," respectively. 18 The eigenvalues provide a quantitative measure of the energy contained in each mode, which facilitates a low-dimensional reconstruction of high-dimensional behaviors. Details of the method, its implementation, and application can be found in a variety of sources, [28] [29] [30] including applications to speech. 18 PCA was performed on the data sets acquired at each phase, for each prescribed vocal fold motion. It is emphasized that since the analyzed data sets were phase-averaged, there was no temporal development of the flow. Consequently, the "chronos" of the current investigation do not correlate to physical behavior and are expected to vary from previously published PCA performed on a temporally developing supraglottal jet. 18 The "topos," however, still provide a quantitative measure of the energy content of the flow field at each phase, allowing the influence of wall rotation on supraglottal jet instability to be determined. When wall rotation is present, the glottis forms a divergent channel during the closing phases of the phonatory cycle, and viscous flow effects have a significant impact on the flow development. For non-rotating wall motion, the glottal walls form a uniform channel throughout the entire cycle; precluding the development of varying flow separation points within the glottis. By quantifying the energy contributions in the supraglottal jet for both normal and non-rotating vocal fold motions, it is possible to identify the influence that viscous flow formations within the glottis, due to the mucosal wave, may have on the variance of the supraglottal jet trajectory.
One of three scenarios may arise when comparing the spatial modes for normal and non-rotating vocal fold wall motions. The first possibility is the evolution of disparate mode shapes indicating large-scale disruption of the supraglottal flow field. Secondly, similar mode shapes may exist with variations in the kinetic energy content of each mode, indicating a change in the contribution of each mode to the flow field. This is an important distinction that may augment or suppress flow behavior that will contribute to sound production. Finally, if wall rotation does not influence supraglottal flow development, the mode shapes and kinetic energy content will be the same. Figure 2 presents the first four modes for both (top) non-rotating and (bottom) normal vocal fold motions at t/T open ¼ 0.70. While results for only one phase are presented, all four divergent phases exhibited similar mode shapes. Velocity magnitude contour plots, normalized by the maximum velocity magnitude, are presented with streamlines overlaid. The coordinates are non-dimensionalized by the maximum glottal gap.
Results and discussion
Mode shapes
The first mode in Fig. 2 for both non-rotating and normal vocal fold wall motions arises from the bimodal behavior of the glottal jet that is exhibited on a cycleto-cycle basis. This is evident from the velocity magnitude contours, and the streamlines that show a saddle centered around the midline, with flow entering from the upper right corner and exiting the lower right corner. The dominance of the bimodal flow behavior in the first mode, for not only normal, but also non-rotating wall motions, is a significant finding as it indicates that large-scale cycle-to-cycle excursions of the jet trajectory from the midline are largely independent of wall rotation. The energy content for the two wall motions may still vary, however, which would indicate wall rotation has a more subtle impact on the flow behavior.
The second mode shape also shows a bimodal flow field in the velocity magnitude. However, upon closer inspection, all of the streamlines are pointing in the bulk flow direction, and there is no saddle point, as in mode 1. This signifies mode 2 is representative of the bulk mean flow field that would arise from phase-averaging the flow realizations, where the jet is consistently skewed at a similar angle with only the up or down orientation changing from cycle-to-cycle.
The third and fourth modes for the non-rotating vocal fold motion (see Fig.  2 ) capture the higher-order oscillations in the supraglottal jet. This is evidenced by noting the existence of two saddle points in the streamlines, as opposed to one saddle point as seen in mode 1. This splitting of the supraglottal jet trajectory suggests an ordered dissipation of the energy in the higher modes. It is proposed, albeit not definitively shown, that this behavior may be a consequence of vortices that form within the shear layer, causing oscillations in the jet trajectory. As the vortices dissipate and are broken down into finer scale turbulence, the higher modes would continue to exhibit additional splits in the jet trajectory. This could not be investigated further since the highest mode shapes were difficult to distinguish from the signal noise.
Energy content
The percentage of kinetic energy contained in the first six modes for both wall motions are tabulated in Table 1 and presented graphically in Fig. 3 by plotting the percent change of the energy content for normal wall motion relative to the non-rotating wall motion. Comparison of the energy contained in the first mode for the non-rotating and normal wall rotation reveals that the values for normal wall motion are consistently lower by $10% to 20%, where the first mode represents the cycle-to-cycle oscillations in the flow pattern. The energy content of the second mode, however, is very similar for both flow scenarios, which is not surprising because the second mode describes the bulk mean flow behavior. Because the mean flow rates are identical for both wall motions, the kinetic energy of the mean flow field (mode 2) should be the same.
For the non-rotating wall motion, the energy content in the higher modes quickly diminishes, with less than 1.0% of the kinetic energy contained in modes 5 and 6 for all of the cases except for t/T open ¼ 0.70 (Table 1 ). In contrast, for normal wall motion, only three of the higher modes did not contain at least 1.0% of the total kinetic energy. With the exception of mode 4, when t/T open ¼ 0.80 and 0.90, the normal investigations all have the same or higher energy content in modes 3-6 than the nonrotating wall motion. Most notably, the third mode shows $235% increase in kinetic energy content in comparison to the non-rotating case. On average, the energy content is increased by $140% with the highest discrepancies occurring in mode 3, and the lowest in mode 4 (see Fig. 3 ). This redistribution of energy introduces variability in the higher modes, as can be seen in Fig. 2, modes 3-4 , where the mode shapes for the normal motion (B) is not as structured as for the non-rotating motion (A), which shows a symmetric split in the flow pattern.
From these results it is clear that wall rotation influences the behavior of the supraglottal jet. However, it is not the dominant mechanism that generates instability within the supraglottal jet. At least three mechanisms influence the development of the supraglottal jet. The primary mechanism creates large-scale, cycle-to-cycle variations in the jet trajectory. The focus of this article was not to resolve this particular mechanism. Nevertheless, it is possible that this bistable configuration may occur due to shear-layer instabilities in the jet, 16, 31 flow disturbances at the lip of the area expansion where the jet separates, 14, 22, 32 the ratio of the area expansion, 33 or a Reynolds number dependence as the flow accelerates. 34 Regardless, viscous effects are not solely responsible for creating these cycle-to-cycle variations in the flow field, as previously hypothesized. 19, 20 Wall rotation does, however, act as a secondary mechanism in the flow field, distributing energy to the higher modes due to the unsteadiness in jet trajectory that arises due to varying attachment and separation of the flow within the glottis on a cycle-to-cycle basis. Finally, a third mechanism that introduces smaller scale oscillations in the jet may arise as vortices within the shear-layer dissipate and the flow transitions to turbulence, introducing the split flow patterns that develop in the higher modes due to small cyclical perturbations within the flow. 
Conclusions
Wall rotation is an important component of vocal fold dynamics that is usually present in voiced speech. Understanding how wall rotation modifies the supraglottal flow behavior yields insight into the mechanisms of sound production in voiced speech. PCA of the supraglottal jet revealed that vocal fold wall rotation is not the dominant mechanism that produces large-scale cycle-to-cycle deflections in the supraglottal jet. However, it was shown that the presence of wall rotation decreases the energy contribution in the dominant mode that characterizes the cycle-to-cycle variations in the jet trajectory, and redistributes this energy to the third and higher modes. This redistribution of energy was characterized by increased variability in the higher modes, and break down of the distinguishable coherent structures. This redistribution of energy to the higher modes is expected to augment the higher frequency components of speech.
